We explain how an SU(2) R R-symmetry allows alignment of the vacuum expectation value and the mass eigenstates in the Higgs bosons squared-mass matrix. More important, we discuss how our parametrization of the breaking of this global symmetry allows to quantitatively apprehend the diverse sources of misalignment, which are kept, by supersymmetry, small.
Higgs alignment from an SU (2) symmetry
It is trivial to see that an SU (2) symmetry acting on the quartic potential will enforce alignment. In fact, alignment originating due to global symmetries acting on the full Lagrangian have been discussed by a number of authors, for example in [1, 9] . A slight difference in our work is that this symmetry acts only on the quartic but not on the quadratic part of the potential. This has for consequence that the ratio of the v.e.v's of the two doublets (tan β ) is fixed. More interesting is to understand, both qualitatively and quantitatively, how misalignment is related to the breaking of the global symmetry as this is is the clue for building realistic models. For this purpose, following [5] , we shall parametrize the measure of misalignment as function of the coefficients of the decomposition under SU (2) of the quartic potential.
It might be more illuminating to the reader to start the discussion using the by-now standard parametrization of 2HDMs:
where
as it is the case below for the particular models of interest for us. Now, from Φ 1 and Φ 2 we can form a bi-doublet (Φ 1 , Φ 2 ) T . Here, Φ 1 and Φ 2 should be seen each as a column with two entries. The weak interaction SU (2) w acts vertically (on the rows) while another SU (2) R acts horizontally (on the columns). Here, R stands for R-symmetry as we will discuss below. We will classify the terms in the potential by the way they transform under this SU (2) R (they are of course invariant under the SM gauge group).
To be invariant under SU (2) R , the quartic potential should be of the form:
where we use for SU (2) R representations the standard notation for spin irreducible representations |l, m >. Here: 6) and
and the coefficients are related to the ones in (1.2) by:
For the CP conserving case, the squared-mass matrix in the Higgs basis for the two CP even scalars can be parametrized as (e.g. [7] )
(1.10)
with λ 345 ≡ λ 3 + λ 4 + λ 5 , and the pseudo-scalar mass m A given by
Here, we have used again standard definitions:
(1.14)
where:
We are particularly interested is the off-diagonal squared-mass matrix coefficient Z 6 . This measures the amount of misalignment in the absence of decoupling. Following [5] , it can be expressed using the decomposition of the potential in an SU (2) R basis as
where we used the notation (see [8] ):
The coefficients λ |l,m> in (1.16) can be expressed as function of the λ i as: We see that assuming the invariance of the quartic potential under SU (2) R implies relations between the different λ i which in turn lead to an automatic alignment. Note that the expression of Z 6 in (1.16) shows that the full non-abelian structure is needed and the breaking of SU (2) R even just to its abelian sub-group spoils the alignment. The first place where we look for R-symmetry breaking is the quadratic part of the scalar potential. This can be written as:
where the first line is the only SU (2) R invariant part. The potential minimization gives (e.g. [41] ):
With λ 1 = λ 2 = λ 345 ≡ λ and λ 6 = λ 7 = 0, from (1.18), this leads to
which, when subtracted one from the other, give (for
Given that the masses m 11 , m 22 and m 12 are arbitrary, this equation fixes t β and implies an automatic alignment without decoupling.
A model with naturally realized SU (2) R symmetry
There is a simple and elegant way to make the quartic potential SU (2) R invariant: identify the SU (2) R as the R-symmetry of N = 2 supersymmetry and make of the two Higgs doublets the scalar components of a single hypermultiplet (Φ 1 , Φ 2 ) T . Considering only these scalars, the SU (2) R acts now as a Higgs family global symmetry [7, 8] . There is a slight complication that one has to deal with though. This quartic potential receives contributions from D-terms thus we must also extend the N = 2 supersymmetry to the gauge sector. This then implies the presence of chiral superfields in the adjoint representations of SM gauge group, we denote a singlet S and an SU (2) triplet T. Their scalar components enter in the potential and therefore what we first construct this way is not a 2HDM but rather an extension with a singlet and and a triplet. We proceed then by given these extra fields very heavy masses to decouple them from the light spectrum and finally get to a 2HDM effective potential. We shall describe here some of the main aspects of this model.
We start by defining the new fields:
They contribute to the superpotential by promoting the gauginos to Dirac fermions, but also by generating new Higgs interactions through:
where the Dirac masses are parametrized by spurion superfields m αiD = θ α m iD where θ α are the Grassmannian superspace coordinates. The λ S,T are not arbitrary as N = 2 supersymmetry implies
where g Y and g 2 stand for the hyper-charge and SU (2) gauge couplings, respectively. The Higgs potential gets also contributions from soft supersymmetry breaking terms. We chose for simplicity the parameters to be real and we write
A peculiar 2HDM, with an extended set of light charginos and neutralinos, is obtained by integrating out of the adjoint scalars. The details of this potential were discussed in [6] . The result can be mapped to (1.2) after the identification
from which we can now read
and
as given in [6, 4] . Again, restricting to the case of CP conserving Lagrangian, the two CP even scalars have squared-mass matrix (1.10) with
We use:
11)
Now m A is given by
and squared-mass matrix has eigenvalues:
while the charged Higgs has a mass
Also, the leading-order squared-masses for the real part of the adjoint fields are [31] :
where we have taken M S = M T = 0. Let us turn now to the quadratic part of the potential. It can be written as (1.19). Imposing a Higgs family symmetry would have required that both coefficients of the two SU (2) R non-singlets operators to vanish, therefore m 2 11 = m 2 22 and m 12 = 0. First, this would imply m 2 A = 0 which is not a viable feature. Second, the mass parameters in the quadratic potential under SU (2) R are controlled by the supersymmetry breaking mechanism and this is not expected to preserve the R-symmetry. It was shown in [25] that absence of tachyonic directions in the adjoint fields scalar potential implies that in a gauge mediation scenario that either breaking or messenger sectors should not be N = 2 invariant. Thus, the quadratic potential can not be invariant under SU (2) R .
Misalignment from R-symmetry breaking
We have reviewed how the Higgs alignment is enforced by requiring the invariance of the quartic scalar potential under SU (2) R symmetry. Moreover, we have exhibited a model when this SU (2) R symmetry is naturally present. However, at the electroweak scale this symmetry is not realized and therefore it is important to investigate the exact correlation between misalignment and the SU (2) R breaking.
We have seen that the quartic scalar potential can be recasted as:
where | j, m are the irreducible representations of SU (2) R . Also, with λ 5 = 0, tthe misalignment is measured by
The λ |i,0> are generated or corrected by higher order contributions to the scalar potential. We start with two important remarks.
First, the scalars S and T are singlets of SU (2) R and have interactions with the two Higgs doublets preserve SU (2) R . As a consequence, their loop integration will not lead to SU (2) R breaking, no contribution to Z 6 and no misalignment at leading order. This was obtained by explicit calculations of the loop diagrams in Eq. (3.5) of [4] where summing up different contributions to Z 6 , they cancel out. This result is now easily understood as a consequence of the SU (2) R symmetry.
Second, let's call D a for the gauge fields A a and F a Σ the auxiliary fields for the adjoint scalars Σ a ∈ {S, T a } of U (1) Y and SU (2) respectively. Then :
form a triplet of SU (2) R . This is at the origin of the relations λ S = g Y / √ 2 and λ T = g 2 / √ 2 in eq. (2.4). The violation of these relations by quantum effects translates into breaking of SU (2) R . Loops of the adjoint scalar fields S and T a do not lead to any contribution at leading order as the couplings λ S and λ T are still given by their N = 2 values. However other loop corrections can give sizable contributions. For instance, the chiral matter lead to radiative corrections that take λ S and λ T away from their N = 2 values. As λ 1 and λ 2 are affected in the same way, we find δ λ (2→1) |1,0> = 0, and using (1.18), this N = 2 → N = 1 breaking leads to:
The difference in Yukawa couplings to the two Higgs doublets as well as the N = 1 → N = 0 supersymmetry breaking, both lead to further breaking of the SU (2) R symmetry. For t β ∼ O(1), this misalignment is dominated by the contributions to λ 2 from stop loops, due to the large Yukawa coupling. It is computed to be:
Here Q, y t , mt are the renormalisation scale, the top Yukawa coupling and the stop mass, respectively. All these contributions sum up to give:
Integrating out the heavy adjoint scalars S and T at tree-level, keeping the Higgs µ-term and the Dirac masses m 1D , m 2D small , in the sub-TeV region, we get:
These means that the quartic potential has corrections of the form:
and a misalignment arises from the appearance of:
These preserve the subgroup U (1)
. This is because the scalar potential results from integrating out the adjoints which have zero U (1) This shows that this contribution to Z 6 are numerically negligible.
Even, if this tree-level misalignment is quantitatively small, we would like discuss it here a bit further. We have stated that S and T are singlets of SU (2) R . We have first computed, and understood, how integrating them out in loops does not lead to SU (2) R breaking. But, then we computed how integration of the same fields at tree-level breaks the SU (2) R symmetry and leads to misalignment. Why?
In fact, the reason lies in the fact that (Re(F a Σ ),
, Im(F a Σ )) is a triplet of SU (2) R . Let's take for example the case of S. The Dirac gauging Lagrangian reads:
which leads to
This shows that a v.e.v of S (or T ) will lead to a v.e.v. of D a , a component of a triplet of SU (2) R that breaks spontaneously the symmetry. There is of course no massless Goldstone boson because this global symmetry is already broken explicitly in other parts of the Lagrangian.
Conclusions
A tree-level Higgs alignment without decoupling is very easy to achieve. It just goes back to solving simple equations. Beyond tuning different coefficients, we have explained that simply imposing an SU (2) R symmetry in the quartic potential is enough. The fact that we do not impose the symmetry on the quadratic part of the potential implies than tan β , the ratio of the two doublets Higgs vevs is fixed, in contrast for example with the models in [9] .
Much more interesting, is that we have found a model where not only the required global SU (2) R symmetry is built in naturally, a consequence of extending supersymmetry from N = 1 to N = 2. Writing the off-diagonal elements of the Higgs mass-squared matrix as a linear combination of the coefficients of the decomposition of the potential in spin irreducible representations, we are able to understand the origin and predict the size of each contribution to misalignment. We are able to show therefore that all the higher order corrections are small and under control. The model has a rich phenomenology that can be tested at LHC as it allows the existence of new light scalars and fermions with electroweak interactions.
